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Introduction
Glaucoma is considered a multifactorial disease and is associated with demographic factors including age, gender, and race, as well as ocular and systemic factors. Recently, several studies have reported that metabolic syndrome was associated with open-angle glaucoma (OAG) [1, 2] ; however, the association has not been consistent, and the pathophysiology remains unclear [3] [4] [5] .
Obesity is considered an important risk factor for metabolic syndromes such as type 2 diabetes mellitus or coronary heart disease [6, 7] . Body mass index (BMI) is a popular index used to estimate obesity. The World Health Organization (WHO) defines obesity as a BMI of 30 kg/ m 2 or greater and overweight as individuals with BMIs between 25 kg/m 2 and 29.9 kg/m 2 [8] .
High BMI is considered a factor strongly related to the increasing prevalence of metabolic syndromes [9] . Several studies have reported a relationship between BMI and ocular disease [5, 10, 11] . However, whether BMI is the best parameter for estimating obesity is currently unclear. The body consists of various tissues such as fat, muscle, bone, and soft tissue; however, BMI is calculated using only body weight and height. Furthermore, the effect of each body component on ocular physiology and disease remains unclear. Several studies have suggested that abdominal obesity rather than BMI is a better surrogate for metabolic disease [12, 13] . Dual-energy X-ray absorptiometry (DEXA) can accurately detect adiposity and provide information regarding total and regional fat mass and lean body mass and bone mineral contents [14] . In this study, we investigated the association between not just BMI, but various anthropometric variables and OAG development to determine the effect of each body component using nationally representative data for South Korean adults extracted from the Korea National Health and Nutrition Examination Survey (KNHANES).
Materials and methods
This study adhered to the tenets of the Declaration of Helsinki for human research, and all participants provided written informed consent. The survey protocol was approved by the Institutional Review Board of the Korea Center for Disease Control and Prevention (KCDCP). Because annually, KCDCP published the reports and microdata of KNHANES with survey manuals through the official website of KNHANES (http://knhanes.cdc.go.kr), all KNHANES data is de-identified and available to the public, the Institutional Review Board of Kangbuk Samsung Hospital determined that this study was exempt from requiring their approval.
Study design and population
The KNHANES is an ongoing, population-based, cross-sectional survey in South Korea conducted by the KCDCP and the Korean Ministry of Health and Welfare. It uses a multistage, stratified, probability-cluster survey with a rolling sampling design. Therefore, the KNHANES is representative of the civilian, non-institutionalized South Korean population. The detailed design of the KNHANES has been previously described [15, 16] .
A total of 17,476 subjects were enrolled in KNHANES V (2010) (2011) . In KNHANES V data, participant exact medical history was added including refractive surgery. We included subjects that were aged 19 years or older, underwent eye examination and DEXA. We excluded subjects with any missing data. Participants were excluded if they were pseudophakic or aphakic, had a history of cataract, retinal or refractive surgery, evidence of retinal detachment, signs of AMD or diabetic retinopathy on examination. Finally, 5,225 subjects (2,214 males and 3,041 females) were enrolled in this analysis, including 247 OAG subjects (134 males and 113 females).
Ophthalmological examination
All ophthalmic examinations were performed by ophthalmologists. A slit lamp examination including assessment of peripheral anterior chamber depth (ACD) using the Van-Herick method was performed (Haag-Streit model BQ-900; Haag-Streit AG, Koeniz, Switzerland). Peripheral ACD > 1/4 peripheral corneal thickness based on the Van Herick method was defined as OAG. Fundus photographs were taken with a digital non-mydriatic fundus camera (TRC-NW6S; Topcon, Tokyo, Japan, and Nikon D-80 digital camera; Nikon, Tokyo, Japan). Intraocular pressure (IOP) was measured with a Goldmann applanation tonometer (GAT; Haag-Streit model BQ-900; Haag-Streit AG, Koeniz, Switzerland) once for each eye from right to left. Visual field testing was performed with frequency doubling technology (FDT; Humphrey Matrix; Carl Zeiss Meditec, Inc., Dublin, CA, USA) using the N-30-1 screening test. The test location was defined as abnormal if it was not identified after two attempts at a contrast level that identified 99% of the healthy population. If two different test locations were abnormal, a visual field defect was defined in that eye. FDT was administered to participants suspected of having glaucoma and who met any of the following criteria: (1) IOP ! 22 mm Hg; (2) horizontal or VCDR !0.5; (3) nonadherence to the ISNT rule (neuroretinal rim thickness in the following order by quadrant: inferior > superior > nasal > temporal); (4) presence of optic disc hemorrhage (DH); or (5) presence of a retinal nerve fiber layer (RNFL) defect. FDT was repeated if either the rate of fixation errors or the false positive rate was > 0.33, in which case the FDT was defined to be an invalid test for glaucoma classification.
Definition of OAG and healthy groups
The definition of OAG was based on the International Society of Geographical and Epidemiological Ophthalmology (ISGEO) criteria and a previous study [17] [18] [19] . Patients were defined as OAG if an open angle was present (peripheral ACD > 1/4 corneal thickness) and if any one of the following category I or category II diagnostic criteria were met.
Category I criteria were applied to subjects with FDT perimetry results showing a fixation error and false positive error of 1 or less. Glaucoma-diagnostic criteria were (1) loss of neuroretinal rim with vertical or horizontal CD ratio of 0.7 or more or a CD ratio asymmetry of 0.2 or more (both values determined by !97.5th percentile for the normal KNHANES population); (2) presence of optic disc hemorrhage; or (3) presence of an RNFL defect. Additionally, the subjects had to show abnormal FDT testing results with at least 1 location of reduced sensitivity compatible with optic disc appearance or RNFL defect. Criteria II were applied to those with absence of FDT perimetry results, fixation error or a false-positive error of 2 or more with (1) loss of neuroretinal rim with vertical CD ratio of 0.9 or more or asymmetry of vertical CD ratio of 0.3 or more (both values determined by !99.5th percentile for the normal KNHANES population) or (2) presence of RNFL defect compatible with optic disc appearance.
Healthy subjects were those who met the following criteria in both eyes: (1) IOP 21 mmHg; (2) presence of an open angle (peripheral ACD > 1/4 corneal thickness); (3) non-glaucomatous optic disc (vertical and horizontal CDR < 0.7 and inter-eye difference of vertical and horizontal CDR < 0.2); (4) absence of optic DH or RNFL defect); and (5) optic disc not violating the neuroretinal rim thickness order of inferior>superior>nasal>temporal rule.
After preliminary grading, detailed grading was performed independently by another group of glaucoma specialists who were blind to the participants' other information. Any discrepancy between the preliminary and detailed grading was adjudicated by a third group (two glaucoma specialists).
Anthropometric measurements and body composition
Body-weight was measured to the nearest 0.1 kg, and height was measured to the nearest cm with bare feet. Body mass index (BMI) was calculated from body-weight and height (kg/m2).
Specially trained examiners conducted participant anthropometric measurements. Waist circumference (WC) was measured at the midpoint between the lower border of the rib cage and the iliac crest while subjects were standing.
Total and regional (i.e., arm and leg) body fat mass and lean mass were measured using whole-body DEXA (QDR 4500A fanbeam densitometer, Hologic Inc., Bedford, MA, USA) by well-trained technicians. We acquired the parameters including total and regional fat mass, lean body mass, non-bone lean body mass, bone mineral content, and appendicular skeletal muscle (ASM) from DEXA.
Lean body mass was calculated as total body mass minus total fat mass. Non-bone lean body mass was calculated as lean body mass minus bone mineral contents. ASM mass was calculated as the sum of non-bone lean body mass of the arms and legs, following the method of Heymsfield et al [20] .
We also obtained data regarding ratio of body component composition including fat mass, lean body mass, non-bone lean body mass, bone mineral content, ASM, and weight. In addition, to determine the effect of each component on OAG development at the same weight or BMI, we analyzed the ratio of body composition, BMI and the ratios of fat mass and other body components except fat mass.
Lifestyle variables
All participants were asked about their lifestyle including alcohol consumption, smoking status, and physical activity. Based on average alcohol intake per day in the month before the interview, participants were categorized as heavy drinkers (> 60 g/day in males, > 40 g/day in females, two or more times a week) or not. Participants were categorized as current smoker (more than 100 cigarettes over lifetime and current smoking status) or not. On the basis of responses to the International Physical Activity Questionnaire, participants were considered regular physical exercisers if they performed moderate exercise more than five times per week for longer than 30 min per session or performed vigorous exercise more than three times per week for longer than 20 min per session [21] .
Statistical methods
Statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS version 21.0; IBM SPSS, Inc., Chicago, IL, USA) to account for the complex sampling design. Strata, sampling units, and sampling weights were used to obtain point estimates and standard errors (SEs) of the mean. All data analyses were performed using weighted data, and SEs of the mean of population estimates were calculated using Taylor linearization methods. Participant characteristics were summarized for the entire sample using means and SEs for continuous variables and frequencies, percentages, and SEs for categorical variables.
Baseline demographic information and clinical parameters were compared between the groups using Pearson's Chi-square test for categorical variables and general linear models for continuous variables.
General linear models were used to examine the relationships between anthropometric parameters and OAG. For this model, we adjusted for age, heavy drinking, current smoking, regular physical exercise, hypertension, diabetes, and IOP. After dividing the healthy subjects into quartiles for each anthropometric parameter, we analyzed the relationships between OAG and anthropometric parameters for each quartile.
Logistic regression models were used to estimate the odd ratios (ORs) with 95% confidence intervals (95% CIs). After all subjects were divided into quartiles for each anthropometric parameter, differences in the presence of OAG with respect to the quartiles were estimated. Quartile 1 was used as the reference value. β-coefficient value and 95% CIs were obtained. Because of the body composition differences between males and females, we stratified our analyses based on gender and then adjusted for age. ORs and 95% CIs for OAG risk were also obtained. P values were two-tailed, and a P value <0.05 was considered statistically significant.
Results
A total of 17,476 subjects participated in the KNHANES between 2010 and 2011. The number of subjects who underwent ocular examination was 15,932. Of this subset, 9,925 subjects underwent ocular examination satisfying the International Society of Geographical and Epidemiological Ophthalmology criteria. Among them, the number of subjects whose anthropometric measurements were obtained with DEXA, including BMI, waist circumference, fat mass, lean body mass, and ASM mass was 6585. Of these 6585, 1360 subjects were excluded. Pseudophakia and aphakia by slit-lamp examination were exclusion criteria for this study.
The numbers of subjects with pseudophakia and aphakia were 338 (right eye) and 339 (left eye). In addition, the number of subjects excluded due to a history of ocular surgery (determined by questionnaire) included cataract surgery (355), retina surgery (15), refractive surgery (212), cataract and retina surgery (8) and cataract and refractive surgery (1). The final exclusion criteria included retinal detachment or age-related macular degeneration, as determined by fundus photographs. The number of subjects with abnormal fundus photographs was 556 for the right eye and 560 for the left eye. Sixty-one subjects who had a history of stroke (which can affect visual field testing) were excluded. Some subjects met multiple exclusion criteria.
The characteristics of study subjects are presented in Table 1 . The mean age was 42.48 years, and the proportion of male subjects was 43.3%. The prevalence of OAG was 6.05% in males and 3.72% in females (total, 4.70%). The prevalence of OAG was significantly different based on gender (P = 0.001). All anthropometric parameters were significantly different based on gender ( Table 2 ). The mean values for BMI, WC, lean body mass, non-bone lean body mass, and ASM were significantly higher in males than in females, while mean fat mass was higher in females than in males.
Risk of OAG according to anthropometric parameters
In males, BMI was associated with OAG (ORs = 0.936 (0.880-0.997), P = 0.038). In females, height and fat mass/BMI ratio was associated with OAG (AOR = 0.951 (0.910-0.994), P = 0.026, AOR = 0.171 (0.030-0.980), P = 0.047, respectively Table 3 ). Risk of OAG according to anthropometric parameter quartiles Table 4 shows the ORs (95% CIs) for OAG risk according to anthropometric parameter quartiles in males, focusing on statistically significant values. BMI-related parameters exhibited a significant OR for OAG males (P <0.05). BMI was negatively related to muscle mass parameters such as lean body mass/BMI, non-bone lean body mass/BMI, while ASM mass/BMI ratio was positively associated with BMI. Fat mass/non-bone lean body mass and fat mass/ASM mass ratio were negatively associated with OAG. Table 5 shows the ORs (95% CIs) for OAG risk according to anthropometric parameter quartiles in females. However, in females, only fat mass/BMI showed a significant relationship with the risk of OAG. A multivariate general linear model showed ORs were 0.703 (0.363-1.360) in quartile 2, 0.375 (0.175-0.801) in quartile 3, and 0.611 (0.341-1.093) in quartile 4 compared with quartile 1 (P = 0.040).
Discussion
Glaucoma has been associated with various independent risk factors that include IOP-dependent and IOP-independent mechanisms. IOP is now thought to be the most important risk factor for glaucoma, even though glaucoma severity is not always directly correlated with increased IOP. Consequently, researchers have looked for other contributing factors to explain glaucoma pathogenesis, such as genetics, vascular dysregulation and oxidative stress [22, 23] .
Not only fat tissue, but also muscle contribute to a person's weight, and people who are more active might develop more muscle mass, thus adding to their weight. BMI alone cannot determine exact body composition. Therefore, BMI as the most commonly used anthropometric index to define obesity is currently controversial, due to its inability to discriminate between fat and muscle mass [24] . Therefore we aimed to elucidate possible differential effects of fat and muscle ratio as well as weight or BMI as risk factors for open angle glaucoma by gender. [25] Considering the difference in body composition between males and females, a difference in anthropometric parameter effects should be expected. According to our results, in terms of the relationship with OAG, female body composition was more affected by fat tissue and males by muscle. Men were more vulnerable in terms of anthropometric parameter association with OAG. In females, higher fat mass was associated with lower OAG prevalence. In males, higher muscle mass was positively correlated with OAG. In males, BMI showed an inverse association with muscle mass parameters (lean body mass, non-bone lean body mass, and ASM mass). Glaucoma risk was also negatively associated with BMI. More muscle for a given BMI was associated with higher OAG risk and higher fat for a given muscle mass was associated with lower risk for OAG. Specifically, interquartile analysis showed that for muscle/BMI, the change in OR was minimal in quartile 2 but abruptly increased in quartile 3. Counterintuitively, increased muscle mass might not be advantageous in terms of OAG. These associations persisted after adjusting for several demographic parameters and IOP, suggesting that certain anthropometric parameters significantly affect the development of OAG through pathways independent of blood pressure, diabetes, or IOP.
Some reports have suggested that glaucoma was associated with anthropometric parameters. Several studies have found an association, [3, 10, 26] while others have not [4, 5] . Casey et al. [3] reported that obese Caucasian females had a 6% increased risk of developing OAG compared with non-obese females. However, Gasser et al. reported that BMI tended to be lower in patients with glaucoma than in control subjects, but this difference was not significant. They suggested that obesity was not associated with glaucoma [5] . The Tajimi study [27] reported similar results. In the Barbados Eye Study, high IOP and lean body mass but not obesity were significantly associated with glaucoma [4] . Pasquale et al. [10] reported that higher BMI was associated with a lower risk of normal tension glaucoma in females. These previous studies obtained varied results due to differences in study design, population, and definitions of obesity and glaucoma. To date, the causal relationship between body composition and development of OAG has remained unclear. A hypothesis on the relationship between obesity and OAG development is that hyperleptinemia accompanying obesity leads to increased oxidative stress [28, 29] . Several studies have shown that patients with OAG have higher oxidative damage in their trabecular meshwork [30, 31] ; reportedly, oxidative stress affects glaucomatous optic neuropathy [32] . Additionally, females have higher leptin levels than males [33] .
Another factor may be the relationship between cerebrospinal fluid pressure (CSFP) and body mass [34, 35] . Considering the interfacial lamina cribrosa (LC) membrane location, increased translaminar pressure by elevated IOP and/or reduced CSFP might induce the ganglion cell axon loss seen in glaucoma. In terms of LC backward bowing due to a high pressure gradient, lower CSFP may act similarly to elevated IOP and increase the risk for glaucomatous damage. Several studies have found that CSFP is lower in OAG patients and increased in ocular hypertension patients [34] [35] [36] . According to previous reports, BMI has been positively associated with CSFP [37] [38] [39] . In view of this situation, slightly elevated CSFP would reduce the translaminar pressure difference and might play a protective role against glaucoma development.
Shah et al. reported cases of exercise-related visual loss in advanced glaucoma patients who were young adults with healthy visual acuity but presented with visual field constriction upon relatively mild exertion [40] . They hypothesized that ocular blood flow was reduced in these patients during exercise as blood was diverted to other organs: a "vascular steal hypothesis." Activities such as eating and drinking could cause a 'vascular steal,' with blood from the ocular circulation being shunted to the skin and stomach muscles. Considering this hypothesis, the vascular steal phenomenon may be more prominent in persons who have a large muscle mass compared to those with smaller muscle mass during exercise or activities of daily living. Naturally, BMI increases throughout life until 60-70 years of age [41] [42] [43] [44] . A long-recognized age-related phenomenon is the gradual increase in visceral fat and aging-related loss of skeletal muscle mass (sarcopenia) with associated changes in muscle quality and function [45] . Skeletal muscle mass reaches its peak during the late teen years and early 20s and then slowly declines in healthy adults at a rate of approximately 0.5-1% per year, which is a natural course and might be an aging-related adaptation. Age-related rates of skeletal muscle mass loss vary according to individual. Muscle is a dynamic energy consumption tissue, while fat is a static storage tissue. Skeletal muscle comprising up to 40-50% of the total body mass is a determinant of oxygen consumption, whole body energy metabolism, and substrate turnover and storage. Generally increased muscle mass and decreased adipose tissue are regarded as positive effects on health, especially metabolic syndrome. However, the opposite occurs in some cases, which is referred to as the 'obesity paradox' [46] . Large muscle mass can be beneficial against certain diseases or to certain individuals but can affect the optic nerve differently. One report has suggested that glaucoma prevalence was not less than expected in higher performance athletes but might be higher than normal for subjects in poor health [47, 48] . Therefore, the authors suggested that physical exercise might not be beneficial with regard to glaucoma pathology [49] . To determine the exact pathophysiology, further studies are needed.
The present study had several limitations. First, this study was a cross-sectional design and so was limited in detecting causal relationships. Therefore, cause-and-effect relationships between anthropometric parameters and OAG cannot be inferred. Second, we performed an FDT matrix test to evaluate visual fields, which is not standard automated perimetry. Third, due to the limited epidemiological study setting of KNHANES, we could not evaluate gonioscopy data, which is the gold standard for determining angle status. Instead, we used peripheral ACD > 1/4 corneal thickness as a definition of open angle based on Van-Herick's method. However, we used the data from KHANES V, which subdivided ocular surgeries into glaucoma, cataract, retinal, refractive, strabismus, eyelid surgery, and others, so that we could enroll subjects more properly. Additionally, KNHANES subjects were enrolled after required visits, resulting in a possible selection bias because severely ill patients suffering from cachexia or extremely obese subjects who were either institutionalized or had ambulatory difficulties could not participate. Lastly, the effects of anthropometric parameters based on gender differences are unexplained but might be due to basic differences in quality and quantity of fat and muscle according to original differences in body composition. We think, based on our subdivided analyses of body compositions, a more customized prognosis could be provided.
Glaucomatous damage may be associated with various contributing etiological factors and some may be related to IOP level more than others [50] .
In conclusion, the present study evaluated not only the effect of obesity, but the effects of fat and muscle on OAG development. In terms of glaucoma development, our results indicated that fat seemed protective while muscle was not. Obesity is not a risk factor for OAG development. The exact mechanism remains unclear, and longitudinal studies are needed to validate and extend our findings.
